Purpose To study the prevalence of posterior corneal astigmatism (PCA) and aberration in Chinese eyes before cataract surgery. Methods A cross-sectional study was conducted in Eye and ENT Hospital of Fudan University, Shanghai. In all, we enrolled 1976 eligible eyes of 1976 cataract patients. The astigmatism and aberrations of anterior and posterior cornea were measured by the rotating Scheimpflug System (Pentacam HR, Oculus). Cataract was diagnosed using slit-lamp examination. Results The mean age of patients was 61.82 ± 13.67 years old. Mean PCA was 0.28 ± 0.16 (range 0-1.0) D and 87.04% eyes had PCA values <0.5 D. WTR astigmatism predominated the anterior cornea astigmatism (43.1%), while ATR astigmatism predominated posterior (85.4%) and total corneal astigmatism (47.2%). We found a shift tendency of WTR to ATR with aging in anterior corneal astigmatism, while PCA remains ATR. A positive correlation between the magnitude of anterior and posterior corneal astigmatism (r 2 = 0.089, P < 0.001) was found, especially in WTR anterior cornea astigmatism eyes (r 2 = 0.298, P < 0.001). Compared with total corneal astigmatism, anterior corneal measurements overestimated WTR astigmatism by a mean of 0.24 ± 0.13 (D), and underestimated ATR astigmatism and oblique astigmatism in most eyes. Furthermore, anterior corneal aberrations measurements overestimated the total corneal aberration in most eyes. Conclusions About 12.96% of eyes had PCA ≥0.5 D. The posterior surface remained ATR astigmatism in most cases with aging. Neglecting the posterior cornea would result in overestimation in WTR anterior corneal eyes and underestimation in ATR and oblique anterior corneal eyes. Also, the posterior corneal aberration was also essential in clinics.
Introduction
Cornea contributes over two-thirds of refractive power in the whole optical refractive power of human eyes [1, 2] . With the rapid development and perfection of cataract surgery technique and intraocular lens (IOL) design, more accuracy is needed to measure the preoperative cornea biometry characteristics. Especially in patients with moderate or severe astigmatisms, it is critical to precisely calculate the cornea astigmatism for surgical parameters design and choosing appropriate IOL, especially of Toric IOL [3, 4] . The total cornea characteristics comprise the anterior and posterior cornea components. A lot of publications have reported that neglecting the posterior corneal measurement may lead to deviation in the total corneal astigmatism (TCA) estimation [5] [6] [7] [8] [9] [10] . Savini and Naeser [11] have found that neglecting the posterior corneal astigmatism (PCA) had the highest effect on the refractive error after Toric IOL implantation. However, studies on the overall characteristics of PCA and posterior corneal aberration in a large cohort of patients remain rare [5, 12] . Data on the status of posterior cornea are of clinical significance to the TCS assessment, cataract surgical parameters setting, and choosing appropriate IOL [1] .
The Pentacam HR (Oculus Inc., Wetzlar, Germany), also called the ocular anterior segment imaging system, can provide a three-dimensional anterior segment scanning of the eye, and measures the anterior and posterior corneal characteristics using a rotating Scheimpflug camera [13, 14] . The excellent validity and stability of Pentacam HR to measure the anterior and posterior corneal biometry have been proved in a lot of previous studies [15] [16] [17] . So in our study, we aimed to investigate the overall distribution of astigmatism and aberrations of the posterior cornea in Chinese patients before cataract surgery using the Pentacam HR.
Patients and methods

Subjects
A cross-sectional study was carried out from June 2015 to December 2015 in Eye and ENT Hospital of Fudan University, Shanghai. It has one of the largest eye facilities in China and is located in Shanghai, Eastern China. In all, we enrolled 1976 eligible eyes of 1976 patients before cataract surgery, including congenital and age-related cataract. Participants were eligible if the patient was diagnosed with cataract using slit lamp and +90 D lens. Eyes with a history of ocular trauma, ocular surgery, corneal diseases, and uveitis were excluded. For patients whose both eyes met the inclusion criteria, their right eyes were included. All participants were self-identified as Han Chinese. This study adhered to the tenets of the Declaration of Helsinki. Approval was obtained from the Human Ethics Committee of Eye and ENT Hospital of Fudan University.
Assessment of corneal astigmatism and aberration
We used the Pentacam HR system (Oculus Inc., Wetzlar, Germany) to measure the anterior corneal astigmatism (ACA), PCA, and TCA and aberration. All subjects were examined by an experienced doctor (D.Q.). Patients were asked to stop wearing contact lens for more than 2 weeks before the Pentacam measurement. Briefly, the patients put their chins at right position and stared at the fixed light until a perfect alignment between the visual axial and machine sensor was obtained. Then the Pentacam scanning was performed automatically within 2-3 s. The authors had access to the information that could identify individual participants during or after data collection. We chose the data that met the quality standards for statistical analysis (quality standard showed OK in Pentacam result).
For astigmatism axis definition, we defined the ACA and TCA as "with-the-rule" (WTR) when the steep meridian of the corneal surface was between 60°and 120°and as "against-the-rule" (ATR) when the steep meridian of the corneal surface was between 0-30°and 150-180°just as previous studies classified. Furthermore, because the posterior surface is negative, PCA was defined as WTR when the steeped meridian was between 0-30°and 150-180°, and as ATR when the steeped meridian was between 60°and 120°. The remaining values were classified as oblique astigmatism. Moreover, we also recorded the total root mean square (RMS), lower-order aberrations RMS (LOA RMS), and higher-order aberrations RMS (HOA RMS) for the anterior, posterior, and total cornea, respectively.
Statistical analysis
We performed statistical analysis using SPSS Statistics version 22.0 (IBM/SPSS, Inc., Chicago IL). Frequency (%) was used for the analysis of qualitative variables, and mean and standard deviation (mean ± SD) were used for the analysis of quantitative variables. The relationships between PCA and ACA, posterior corneal aberration, and age were calculated using Pearson's correlation and regression analysis. Comparisons between more than two groups were performed by one-way analysis of variance and Bonferroni test. We used the χ 2 test to analyze the categorical data and defined statistical significance as P ≤ 0.05.
Results
In all, 1976 eyes of 1976 cataract patients with qualified measurements were included in our study. The demographics of the study population are summarized in Table 1 . The mean value of PCA was 0.28 ± 0.16 (D). Most of the ACA (92.83%) and TCA (89.98%) values fell <2.0 D, while most (87.04%) of the PCA values were <0.5 D (Fig. 1a-c) . WTR astigmatism predominated the ACA (852 eyes, 43.1%), while ATR astigmatism predominated PCA (1687 eyes, 85.4%) and TCA (933 eyes, 47.2%) (Fig. 1d) . We also found that ATR astigmatism was the primary PCA type regardless of the ACA vector, especially in WTR astigmatism eyes.
Next, we studied the corneal astigmatism in each age group. We classified the study group into the following subgroups: ≤29 years (51 eyes), 30-39 years (78 eyes), 40-49 years (200 eyes), 50-59 years (394 eyes), 60-69 years (727 eyes), 70-79 years (369 eyes), and ≥80 years (159 eyes). We found a tendency of increase of ATR proportion of ACA and TCA with aging (both P < 0.001) (Fig. 1e, g ). For PCA, we found an ATR astigmatism in most cases and a decrease of ATR astigmatism trend was found with aging (P < 0.001) (Fig. 1f) .
We found a positive linear correlation between the magnitude of ACA and PCA (r 2 = 0.089, P < 0.001, N = 1976) (Fig. 2a) , especially in anterior WTR astigmatism eyes (r 2 = 0.298, P < 0.001, N = 852) (Fig. 2b) . For anterior ATR and oblique astigmatism eyes, weak negative and positive linear correlations were found between ACA and PCA, respectively (r 2 = 0.014, P = 0.002, N = 719 for ATR and r 2 = 0.074, P < 0.001, N = 405 for oblique ACA) (Fig. 2c, d ). We also analyzed the correlation between age and PCA and found weak correlation between them (r 2 = 0.043, P < 0.001).
For posterior cornea aberration, we observed a positive linear correlation between PCA and posterior cornea aberration (r 2 = 0.172, P < 0.001, N = 1976) (Fig. 2e) , especially in anterior WTR eyes (r 2 = 0.259, P < 0.001, N = 852) (Fig. 2f) . However, little correlations were found between posterior cornea astigmatism and aberration in anterior ATR and oblique astigmatism eyes (r 2 = 0.034 for ATR and r 2 = 0.113 for oblique, both P < 0.001). Furthermore, a positive linear correlation between PCA and posterior cornea LOA RMS was also found (r 2 = 0.172, P < 0.001, N = 1976) (Fig. 2g) , especially in WTR anterior corneal eyes (r 2 = 0.265, P < 0.001, N = 852) (Fig. 2h) . However, in ATR and oblique anterior cornea astigmatism eyes, little correlations were found between posterior cornea astigmatism and posterior cornea LOA RMS (r 2 = 0.032 for ATR and r 2 = 0.098 for oblique, both P < 0.001). We also studied the correlation between PCA and posterior cornea HOA RMS, but little correlations were found in all eyes or any vector type of ACA eyes (r 2 = 0.033 for all eyes, r 2 = 0.024 for WTR eyes, r 2 = 0.031 for ATR eyes, and r 2 = 0.092 for oblique eyes, all P < 0.001).
Compared with TCA, anterior corneal measurements overestimated WTR astigmatism by a mean of 0.24 ± 0.13 (D) in 64.44% eyes, underestimated ATR astigmatism by 0.39 ± 0.20 (D) in 89.85% eyes, and underestimated oblique astigmatism by 0.33 ± 0.21 (D) in 57.34% eyes ( Table 2) . For RMS measurement, anterior corneal RMS overestimated the total corneal RMS by 0.26 ± 0.18 (D) in 74.39% eyes and this overestimate results existed in most eyes regardless of ATR, WTR, or oblique ACA (Table 3) .
Discussion
Previous studies have found that PCA measurement is significant to TCA measurement and postoperative residual refractive errors, especially in Toric IOL implanted patients. But few studies have studied the characteristics of posterior cornea in a large cohort population. So in this study, we made a detailed study of posterior cornea biometry in Chinese cataract patients. We found that the mean PCA was 0.28 ± 0.16 (D). There was a significant shift from WTR predominant to ATR predominant astigmatism in anterior and TCA with aging, while ATR predominated PCA in most cases. Positive linear correlations were found between the magnitude of ACA and PCA, PCA and posterior corneal RMS, and PCA and posterior corneal LOA RMS, especially in anterior WTR eyes. Neglecting the PCA would overestimate the TCA in anterior WTR astigmatism eyes, and underestimate the TCA in anterior ATR and oblique astigmatism eyes. Furthermore, neglecting PCA also causes inaccurate measurement of corneal aberrations. To our knowledge, our study is the largest cohort to study the distribution of PCA characteristics especially the posterior corneal aberrations at present.
The magnitude of PCA was first measured by Dunne and Royston [18] [19] [20] using the Purkinje images in the beginning of 1990s and by Ho [5, 7] and Koch [6] using a rotating Scheimpflug imaging. Up to now, a lot of studies have measured the PCA using various methods including the Purkinje images, Scheimpflug photography in six fixed meridians, and rotating Scheimpflug imagings [5-7, 18, 20-23] . Studies have reported that the mean values of PCA range from 0.25 to 0.78 D. Koch [6] also found that 9% of eyes had astigmatism >0.50 D. In our study, the mean magnitude of PCA was 0.28 ± 0.16 (range 0-1.0) (D) and 12.96% eyes had PCA ≥0.5 D, which was similar to previous studies, suggesting the relatively stable magnitude of PCA. From our and previous studies on PCA magnitude, we could come to the conclusion that the PCA range is 0-1.0 D, and the mean value was about 0.3 D with ATR axis in clinics, which was essential for us to estimate the PCA and TCA characteristics when PCA direct measurement was not available.
Studies also found that with increasing age, the anterior and total corneal steep meridian shifted from WTR to ATR, whereas the posterior corneal steep meridian did not change significantly [6, 7, 12] . Our study was consistent with the previous findings. This suggested that the posterior corneal surface was generally unchanged with aging in clinics.
In our study, WTR was the primary TCA in patients <60 years old, while ATR was the primary TCA in patients ≥60 years old, indicating that PCA could accumulate for ACA in ≥60-year-old patients. We also found that measuring ACA alone would overestimate WTR astigmatism in most cases (64.44%), while measuring ACA alone would underestimate ATR astigmatism in most cases (89.85%). The axial analysis of PCA and TCA has two meanings in clinics. Firstly, PCA and TCA were highly significant when we calculated the IOL (especially Toric IOL) and made surgical planning. On the other hand, an ATR main incision is strongly suggested for ≥60-year-old patients during cataract surgery as it could effectively reduce the corneal astigmatism to some extent.
A significant correlation was found between ACA and PCA, especially in eyes of anterior WTR astigmatism [6, 12, 24] . Our findings were consistent with the previous studies (r 2 = 0.089 and r 2 = 0.298, respectively, both P < 0.001). This information is very important in clinical practice. It implied that in eyes, the ACA values were quite high; their PCA values were also usually quite high and influenced the total cornea biometry, especially in the eyes of anterior WTR astigmatism. We suggest that TCA, besides ACA alone, should directly be measured and taken into account for surgical design before cataract surgery. Besides, for hospitals where total cornea measurements were not available, we could also roughly estimate the PCA based on the ACA values and our regression model. We also found very weak negative and weak positive correlations between ACA and PCA in anterior ATR astigmatism (r 2 = 0.014, P = 0.002) and oblique (r 2 = 0.074, P < 0.001) astigmatism eyes, respectively. However, no correlations were found between ACA and PCA in eyes with ATR anterior corneal surface in previous studies (both P > 0.05) [6, 12] . The very weak or no correlation between ACA and PCA implied that the huge error might have occurred when we estimated the PCA and TCA simply based on ACA in anterior ATR and oblique axis patients.
We also found a weak negative correlation between PCA and age (r 2 = 0.045, P < 0.001). In younger patients, the mean PCA was higher than the older ones. This might explain the relatively higher mean PCA magnitude in some studies [12, 25] compared with our study, as patients in these studies were younger than that of ours.
Furthermore, our study was the first to analyze the relationship between aberration and astigmatism. We found a significantly positive linear correlation between PCA and posterior corneal RMS, especially in anterior WTR astigmatism eyes. This indicated that in patients with higher PCA, the corresponding aberrations were also higher. Furthermore, we studied the LOA and HOA and found that the LOA RMS had significant positive linear correlation with PCA. This was not difficult to understand because LOA comprised mainly defocus and astigmatism while HOA comprised spherical aberration, coma, trefoil, secondary astigmatism, etc., according to the Zernike polynomials [26] . As HOA and LOA were important objective indexes of visual quality, neglecting the PCA would surely have a great influence on postoperative visual quality. It is interesting that why aberrations were overestimated in most patients regardless of the different astigmatism deviations. One possible reason was that the corneal aberration comprised a lot of subgroups of aberrations except for the astigmatism alone. The correlation and accuracy of corneal aberration and PCA need to be studied in our further work. However, direct measurements of the posterior corneal characteristics were essential because of the complexity of astigmatism and aberration distribution.
The strengths of our study include the large sample size, detailed measurements of posterior corneal characteristics, correlation analysis between astigmatism and aberration. However, our study has some limitations. The higher prevalence of male patients might result in some bias in our study. Moreover, since our study was performed only with Pentacam, we should confirm our measuring results by other corneal imaging methods. However, it has been demonstrated that the device has an excellent repeatability of the corneal astigmatism and aberration measurements.
In summary, our study showed that 12.96% eyes had PCA ≥0.5 D and neglecting the posterior corneal measurements tends to overestimate the TCA in WTR anterior corneal eyes and underestimate the TCAs in ATR and oblique anterior corneal eyes. Furthermore, the posterior corneal aberration was also essential that we need take into consideration when we conduct corneal astigmatism and IOL measurement in clinics.
Summary
What was known before
• Posterior corneal astigmatism is important for total corneal measurements.
What this study adds
• Neglecting the posterior corneal measurements tends to overestimate the total corneal astigmatism in WTR anterior corneal eyes and underestimate the total corneal astigmatisms in ATR and oblique anterior corneal eyes.
• For RMS measurement, anterior corneal RMS overestimated the total corneal RMS by 0.26 ± 0.18 (D) in 74.39% eyes and this overestimate results existed in most eyes regardless of the anterior cornea astigmatism.
